ABSTRACT Current techniques for identifying mutations that convey a small increased cancer risk or those that modify cancer risk in carriers of highly penetrant mutations are limited by the statistical power of epidemiologic studies, which require screening of large populations and candidate genes. To identify dosage-sensitive genes that mediate genomic stability, we performed a genomewide screen in Saccharomyces cerevisiae for heterozygous mutations that increase chromosome instability in a checkpoint-deficient diploid strain. We used two genome stability assays sensitive enough to detect the impact of heterozygous mutations and identified 172 heterozygous gene disruptions that affected chromosome fragment (CF) loss, 45% of which also conferred modest but statistically significant instability of endogenous chromosomes. Analysis of heterozygous deletion of 65 of these genes demonstrated that the majority increased genomic instability in both checkpoint-deficient and wild-type backgrounds. Strains heterozygous for COMA kinetochore complex genes were particularly unstable. Over 50% of the genes identified in this screen have putative human homologs, including CHEK2, ERCC4, and TOPBP1, which are already associated with inherited cancer susceptibility. These findings encourage the incorporation of this orthologous gene list into cancer epidemiology studies and suggest further analysis of heterozygous phenotypes in yeast as models of human disease resulting from haplo-insufficiency. C ANCERS are commonly characterized as having an abnormal number of chromosomes, termed aneuploidy, which arises due to genomic instability. Aneuploidy has been proposed as a mutagenic mechanism and a driving force of tumor progression and not just a phenotype of the disease (Weaver and Cleveland 2006) . Many of the genes whose disruption results in aneuploidy were first identified in budding yeast on the basis of analysis of haploid strains containing null mutations. Aneuploidy can be caused by inherited or somatic mutations in genes that function in the maintenance of genomic stability, such as those involved in centrosome formation,chromosomemetabolism,andcellcyclecheckpoints. Among these, cell cycle checkpoint pathways play an especially important role in maintaining genomic integrity when cells are challenged with genotoxic agents or other stressors (Zhou and Elledge 2000) .
C ANCERS are commonly characterized as having an abnormal number of chromosomes, termed aneuploidy, which arises due to genomic instability. Aneuploidy has been proposed as a mutagenic mechanism and a driving force of tumor progression and not just a phenotype of the disease (Weaver and Cleveland 2006) . Many of the genes whose disruption results in aneuploidy were first identified in budding yeast on the basis of analysis of haploid strains containing null mutations. Aneuploidy can be caused by inherited or somatic mutations in genes that function in the maintenance of genomic stability, such as those involved in centrosome formation,chromosomemetabolism,andcellcyclecheckpoints. Among these, cell cycle checkpoint pathways play an especially important role in maintaining genomic integrity when cells are challenged with genotoxic agents or other stressors (Zhou and Elledge 2000) .
Mutations in checkpoint genes including, BRCA1, PTEN, ATM, and CHEK2, lead to increases in breast cancer susceptibility (Li et al. 1997; Nathanson and Weber 2001; Meijers-Heijboer et al. 2002; King et al. 2003) . Women who inherit BRCA1 mutations have an increased lifetime breast cancer risk of 50-80% (12% risk in the general population) and an ovarian cancer risk of 15-65% (1.5% risk in the general population). However, the age of cancer onset and type and number of cancers can vary, even among women carrying the same mutation. One mechanism for this variation is the presence of unlinked genetic loci, which modify this risk (Rebbeck 2002) . For instance, ovarian cancer risk in BRCA1 carriers is influenced by specific alleles of a variable number of tandem repeats polymorphism in HRAS1 (Phelan et al. 1996) .
Current methods of identifying genetic modifiers and low-penetrant alleles for cancer susceptibility require large patient cohorts and are limited by the statistical power of epidemiologic studies (Chenevix-Trench et al. 2007) . New approaches that are unbiased and comprehensive in their search for genes modulating genomic stability, and putatively cancer development, are needed.
Conservation of the spindle, DNA replication, and DNA damage pathways between humans and Saccharomyces cerevisiae has been well documented, allowing for use of this model organism in studies focused on control of genomic stability (Elledge 1996) . However, the majority of yeast genetic screens have focused on null mutations in haploid strains, restricting analysis to nonessential genes. In contrast, cancer susceptibility is often seen in heterozygous mutation carriers; however, 1 screens for the impact of haplo-insufficiency in a diploid setting have not been extensively explored. Here we perform a genomewide heterozygous screen in S. cerevisiae to identify haplo-insufficient mutations that result in modest increases in genomic instability, as a novel strategy for the identification of candidate cancer susceptibility and modifier loci in humans.
MATERIALS AND METHODS
Strains and assay markers: Parental strains were made by mating DVL142-35B to HKY965-12B, kind gifts from Vicki Lundblad and Hannah Klein, respectively, and followed by dissection, genotyping, and re-creation of desired strains (Klein 2001) . The chromosome fragment (CF) used in this screen was originally created and provided by Phil Hieter (personal communication): ES75, rad9D/rad9D, leu2-3/leu2-3, his3-D200/his3-D200, trp1-D1/trp1-D1, lys2-801/LYS2, ura3-52/ ura3-52, can1-100/CAN1, ade2-101/ade2-101, 23 ½CF:(ura3T TRP1, SUP11, CEN4, D8B); ES76, leu2-3/leu2-3, his3-D200/his3-D200, trp1-D1/trp1-D1, lys2-801/LYS2, ura3-52/ura3-52, can1-100/CAN1, ade2-101/ade2-101, 23 ½CF:(ura3TTRP1, SUP11, CEN4, D8B).
Insertional mutagenesis: Heterozygous mutations were created using the mTn-lacZ/LEU2-mutagenized library (Kumar et al. 2002) . Briefly, the mTn-lacZ/LEU2 library was received as DNA pools, which were amplified using Escherichia coli and then NotI excised from the bacterial vector and transformed into ES75 yeast cultures via the lithium acetate method (Gietz and Woods 2006 ). Leu 1 transformants were then struck out onto 1/8 of a low-adenine concentration plate (6 mg/ml), which allowed visualization of $185 single colonies/insertionally mutagenized strain. After growth for 3 days at 30°and 1 night at 4°(for color development), colonies were examined for the appearance of pink/red sectors by one observer. Sectors arise due to loss of a CF, which harbors a SUP11 ochre-suppressing tRNA responsible for suppression of the homozygous ade2-101 ochre mutation that causes yeast to be red due to build-up of adenine precursors. S. cerevisiae containing two copies of the CF are white, one copy is pink, and zero copies are red. The use of two CFs in the parental strain enabled us to more easily identify pink and red sectors on a white colony background. A positive sectoring phenotype was set at four or more sectors among the $185 colonies inspected compared with, on average, 0.5 sectors in a similar number of the rad9D/rad9D parental strain (P-value of ,0.001, compared with parental rate). Fully pink or red colonies were not counted as sectored colonies.
Fluctuation analysis: estimation of chromosome V instability rate via method of the median: Chromosome V instability rate was measured as the conversion of a heterozygous can1-100/CAN1 strain to canavanine resistance using a modification of the method described in Klein (2001) . Strains were struck out so that colonies arose from single cells and were allowed to grow for 3 days at 30°. Twenty-four separate colonies per strain were then chosen and dispersed in 200 ml of water each in 96-well plates. Absorbance was measured using the Tecan Spectroflour Plus at 620 nm, and the 15 colonies with the closest optical densities were used for analysis. The canavanine-resistant (k) and viable numbers of cells (N) in each colony were determined by plating the appropriate dilution on SC-Arg À plus canavanine at 60 mg/ml and nonselective (YPD) plates, respectively. Plates were grown for 3 days at 30°, and then colonies were counted using the aCOLyte SuperCount colony counter. Chromosome V instability rates were calculated using fluctuation analysis and a modification of the Lea and Couslon method of the median (Lea and Coulson 1949) . To accommodate variations in N, chromosome V instability rate estimates were separately computed for the 15 colonies, setting the initial cell count at N 0 ¼ 1 and utilizing individual N and k values for each colony. A median of these estimates was accepted as a final estimate. Independently, estimates were computed using the maximum-likelihood method (Zheng 2005) modified to accommodate variation in N; estimates from both methods showed ,10% difference.
Statistical analysis of chromosome V instability rates: To determine if estimated chromosome V instability rates of mutant strains were different from the parental strain rate, we performed one-sided unequal Behrens-Fisher (Lix et al. 2005) variance t-tests for the estimated chromosome V instability rate of each strain (using the estimated mutation rate data from all parallel cultures) against the estimated parental chromosome V instability rate to test if this rate was smaller.
Transposon insertion site identification-vectorette PCR and inverse PCR: Identification of the site of insertion of the transposon in 300 strains was performed using two different methods: Vectorette PCR and inverse PCR. The remaining 98 insertional mutants were unidentifiable through extensive rounds of Vectorette and inverse PCR with different individual restriction enzymes and combinations and thus were not pursued further. Vectorette PCR methods utilizing RsaI, AluI, and DraI in different experiments were carried out. Briefly, genomic DNA was isolated from strains of interest and digested. Anchor bubbles were ligated onto the blunt ends created by use of frequent blunt-end cutter restriction enzymes, and PCR was performed utilizing a primer to the anchor bubble and a primer to the mTn-lacZ/LEU2 transposon. A total of 80 ml of the PCR reaction was electrophoresed on a 0.7% TAE gel, and unique bands were gel purified and sequenced using a primer from the transposon. Inverse PCR techniques were then carried out on the remaining strains utilizing RsaI, AluI, DraI, TaqI, HpaII, AciI, and HaeIII restriction enzymes. Genomic DNA was isolated from strains of interest and digested with a single restriction enzyme, ligated at low density, precipitated, and used as template DNA for PCR with opposing primers from within the mTnlacZ/LEU2 transposon. Unique bands were again gel purified, sequenced, and then analyzed against the S. cerevisiae genomic sequence to identify the transposon insertion site.
Gene ontology analysis and interactome mapping: Gene ontology annotations were analyzed using the Generic Gene Ontology (GO) Term Mapper (http:/ /go.princeton.edu/cgibin/GOTermmapper) from the Lewis-Sigler Institute for Integrated Genomics at Princeton University and the S. cerevisiae GO slim gene association files. The P-values were calculated using standard x 2 tests. An interactome map of the network of genetic and physical interactions among the 172 unique genes identified was created utilizing the Osprey visualization system (Breitkreutz et al. 2003) . Node colors depict biological process gene ontologies, while edge colors denote the genetic or physical interaction identified.
Creation of precise heterozygous mutations utilizing the KAN-MX cassette: Precise heterozygous deletions were created for a subset of the genes utilizing the KAN-MX cassette homologous recombination switch-out method (Wach et al. 1994) . KAN-MX module deletions for each gene were amplified using PCR on DNA isolated from individual strains from the haploid deletion collection or by long flanking homology techniques. Primers were designed 500-800 bp upstream and downstream of the KAN-MX cassette to create large areas of homology to facilitate recombination between the deletion cassette and endogenous gene. After amplification, the PCRgenerated products were transformed into ES75 and ES76 strains, and positive transformants were selected on 200 mg/ml G418 plates. Positive transformants were then checked for proper integration via PCR with a forward primer upstream of the gene of interest (GOI) and a reverse primer within the KAN-MX cassette.
Genotoxic stress assays: Precise heterozygous deletion strains were tested for sensitivity to phleomycin, methyl methanesulfonate (MMS), hydroxyurea (HU), ultraviolet light (UV), and benomyl. Cultures for each strain were grown overnight at 30°to saturation in 96-well plates and then diluted down to 0.2 OD and allowed to double twice. Each assay plate contained two parental controls and six tester strains and was spotted in duplicate. Five fivefold serial dilutions were performed, and equal aliquots of each dilution were transferred (frogged) onto three plates per genotoxic stress agent: phleomycin-0.1, 0.5, and 1 mg/ml; benomyl-10, 20, and 30 mg/ml; MMS-0.0075, 0.015, and 0.030%; HU-25, 50, and 75 mm; and onto YPD plates for exposure to UV at 20, 30, and 40 J/m 2 /sec. After several hours (to allow drying), the plates were inverted and placed at 30°for 3 days. Each plate was photographed and visually analyzed for changes in sensitivity.
RESULTS
A genomewide yeast genetic screen for heterozygous mutations enhancing genome instability: The S. cerevisiae RAD9 gene encodes a putative functional ortholog of mammalian BRCA1, NFBD1 (MDC1), and 53BP1 proteins. All of these proteins contain two BRCT functional domains and function as mediators of the DNA damage checkpoint (Weinert and Hartwell 1990; Bork et al. 1997; Rappold et al. 2001; Chen 2003, 2005) . We developed this screen in a diploid rad9D/rad9D-deficient background to model mammalian checkpoint-deficient cells, which could potentially lead to identification of specific genetic modifiers of cancer predisposition. In addition, use of the rad9D/rad9D strain background increases the baseline instability of S. cerevisiae strains $5-to 10-fold (Weinert and Hartwell 1990; Klein 2001 ). For our specific sectoring assay, use of the rad9D/rad9D background raised the absolute instability of the starting strain, allowing identification of insertional mutants with only a 3-to 10-fold increase in sectors. This would not be feasible in a wild-type background where the starting strain demonstrates only one sector/ 1500 colonies on average.
To focus on heterozygous mutations that increase chromosome loss, we developed a diploid parental strain, ES75, which includes the features required for a primary qualitative assay based on the spontaneous loss of a nonessential linear chromosome, the CF, and a secondary quantitative assay, which determines the rate of loss or mitotic recombination of a natural endogenous chromosome. The overall screen strategy is depicted in Figure 1 . The initial assay measured genome instability through visual assessment of the loss of one or two copies of the CF, resulting in pink or red sectors on white colonies due to an inability to synthesize adenine (Hieter et al. 1985) .
At the initiation of this study, use of the diploid heterozygous deletion collection was not feasible since this collection did not carry the reporters for chromosome instability or the homozygous rad9 deletion necessary for our screen. Therefore, we decided to use an insertional mutagenesis technique based on the Snyder mTn-lacZ/LEU2-mutagenized library (Kumar et al. 2002) to create heterozygous insertions potentially disrupting nonessential, essential, and novel/uncharacterized genes. As recommended by Snyder, to cover $95% of yeast genes with insertions, we visually inspected 30,000 Leu 1 mutant strains for a sectoring phenotype. In the initial screen, 1225 of 30,000 mutant strains met our threshold of having four or more sectors in $185 colonies. To test for reproducibility of the sectoring phenotype, these 1225 mutant strains were then restruck three additional times. The mutant strains were then categorized into three groups: (1) The rad9D/ rad9D strain ES75 was mutagenized by transformation with the NotI-digested mTn-lacz/Leu2 insertional library and positive transformants were selected on leucine-deficient plates. (2) Approximately 185 colonies from each mutant strain were then struck out on low-adenine media and monitored for sectoring colonies as a measure of CF loss. Strains that met the sectoring threshold were restruck three times and strains that consistently showed increased CF loss were carried forward. (3) The transposon insertion site was then identified in mutagenized strains that showed increased CF loss. (4) The rate of chromosome V loss or recombination as quantitatively measured by conversion to canavanine resistance was estimated using fluctuation analysis for those strains that demonstrated increased CF loss.
1. Insertional mutants (398), which had four or more sectors in at least three of the four streak-outs. This increased CF loss group represents 1.33% of the 30,000 mutant strains and was carried forward to the next step of the screen. 2. Mutant strains (761), which consistently sectored but below the threshold level. 3. Strains (66) that only had sectored colonies on the initial screen.
The increased CF loss group typically demonstrated 4-10 sectors/$185 colonies, compared with 0-1 in the parental ES75 strain (see Figure 1 ). This small but significant increase in the number of sectored colonies (P-value of ,0.001 over parental strain) supports the hypothesis that heterozygous mutations may convey modest changes in genomic stability.
Mutant strains with increased chromosome fragment loss also demonstrate instability of an endogenous chromosome: The second assay for genomic instability monitored the endogenous chromosome V's, one containing the wild-type CAN1 gene conferring sensitivity to canavanine and the second containing the can1-100 recessive allele conferring resistance. Quantitative assessment of conversion to canavanine resistance assessed the combined effects of loss of the endogenous chromosome V containing the wild-type CAN1 gene, mitotic recombination of the CAN1 locus to can1-100, or point mutation in the CAN1 gene. However, spontaneous point mutations account for only 1-2% of the canavanine-resistant mutants (Ohnishi et al. 2004 ) and thus do not significantly contribute to this assay.
Chromosome V instability was measured by fluctuation analysis using a modification of the Lea and Coulson method of the median (see materials and methods) Five independent estimations of chromosome V instability for the rad9D/rad9D and wild-type strains were performed to show reproducibility of the assay with estimated mutation rates of 3.37E-05 and 7.86E-06, respectively (see Figure 2A ). To confirm that the mutant strains exhibiting increased CF loss also had increased instability of chromosome V, we performed fluctuation analysis on 40 of the 398 increased CF loss strains and 10 mutagenized strains that did not show sectored colonies. We performed one-sided unequal variance t-tests (Welch 1938) on the estimated chromosome V instability rate of each of the strains compared to the estimated rate of the rad9D/rad9D parental strain (see Figure 2B ). We found that 29/40 (72.5%) of the strains from the increased CF loss group showed statistically increased chromosome V instability rates, while none of the 10 strains from the nonsectoring group were statistically different from the parental strain. These data demonstrate that the heterozygous mutants identified in the screen on the basis of increased CF loss are highly enriched for strains that exhibit increased instability of endogenous chromosomes.
Identification of the site of transposon insertion in 300 high CF loss strains: The transposon insertion sites Fluctuation analysis experiments were performed on five wild-type and five rad9-deficient yeast strains to test reproducibility of the chromosome V instability rate estimations. These data are shown in a combined box and whisker plot where each box represents summary statistics of instability rate estimates in the 15 parallel cultures of each strain. The box has lines at the lower quartile, median, and upper quartile of the data. The whiskers are lines extending from each end of the box to show the extent of the rest of the data. The whiskers indicate the minimum and maximum data values, unless outliers (marked by ''1'') are present in which case the whiskers extend to a maximum of 1.5 times the interquartile range. (B) We measured the chromsome V instability rates of 40 mutant strains from the increased CF loss category and 10 mutant strains from the nonsectoring category. Onesided unequal variance t-tests were performed on the estimated rate of chromosome V instability of each of the 50 strains compared to the rad9D/rad9D parental strain (3.37E-05 by summation of five separate rad9D/rad9D estimations). Strains that were statistically increased as determined by the t-test are shown as solid black diamonds; strains not significantly increased are shown as open gray diamonds. Seventy percent of the strains from the high CF loss group showed statistically increased chromosome V instability rates, while none of the strains from the no CF loss group were statistically different.
in 300 of the 398 increased CF loss strains were identified using Vectorette and inverse PCR techniques (see materials and methods). Analysis of the 300 insertion sites revealed 172 insertions within previously defined gene coding sequences, which likely disrupt or modify activity of the encoded proteins; 53 insertions in regions that do not contain a previously annotated ORF; and 75 sites that are replicas of those in the previous two groups. See supplemental Table 1 at http:/ /www.genetics.org/ supplemental/ for all identified transposon insertion sites.
We performed analysis of the chromosomal coordinates of the 106 genes with the potential to have promoter regions disrupted by transposon insertions in nonannotated regions. We find that 64 of these genes are in an orientation with their 59 region adjacent to the insertion site. We searched the limited S. cerevisiae promoter database (Zhu and Zhang 1999) for insertions within the promoter region. However, only 5 of the 64 genes in the correct orientation have documented promoter regions, and in only two cases do the insertion sites fall between the promoter region and the transcription start site (TSS): STE2 and FAS1. However, by mapping the distance to the TSS (base pair 0) for the insertions not in documented promoters, we found that in 28.6% of these cases the insertion site of the transposon was within 250 bp of the TSS and may be expected to disrupt transcription (see supplemental Table 2 at http://www.genetics.org/supplemental/).
Notably, of the 172 unique gene disruptions, 20% were in essential genes or genes identified only as hypothetical ORFs. Since these two groups are not included in the haploid deletion collection (Winzeler et al. 1999 ), a substantial portion of genes identified in this screen have not been phenotypically characterized by other investigators employing this collection.
GO annotations and interactome mapping to characterize the 172 unique gene disruptions: We focused on the 172 strains containing unique gene-disrupting insertions, given the possible varying impact of the other insertions on gene expression. To characterize this large set of insertions, we used GO, a vocabulary of annotated gene assignments into ontologies on the basis of their known biological process, compartment location, or molecular function (Ashburner et al. 2000) .
We characterized the 172 genes by comparing their ontology representation against the ontology of the entire budding yeast genome. Using GO processes at the third level of complexity, the groups that were statistically significantly overrepresented in the biological process division included cell cycle and meiosis; the only underrepresented group was protein biosynthesis (Figure 3A) . Of note, all of the genes identified in the meiosis group are also contained in the cell cycle group. The analysis of gene ontology by cellular compartment revealed that chromosome location was overrepresented ( Figure 3B ). Thus, the nonrandom nature of this list as well as the overrepresentation in genes known to be involved in genomic stability further supports the validity of this screen.
For further analysis of the gene list, we created an interactome map of the known genetic and physical interactions (Figure 4) . Notably, 69 of 172 genes had identified interactions with at least one other gene from our list, with the majority of these being genes that mapped to cell cycle, metabolism, and DNA repair ontologies. We included RAD9 on the map and 8 of the genes identified in the screen had previously established genetic or biochemical interactions with RAD9. The YHR135C node shows interactions with 14 other genes/ proteins within our list, 13 of which are biochemical activity interactions; however, further inquiry shows that YHR135C has biochemical interactions with a total of 285 proteins (Saccharomyces Genome Database, http:// www.yeastgenome.org/), suggesting that it may represent just a ''sticky'' protein.
Quantifying the genomic instability of increased CF loss mutant strains: Chromosome V instability assays (as previously described) were performed for all 172 unique gene disruptions found in our set of increased CF loss strains (see supplemental Table 3 at http:/ /www.genetics. org/supplemental/). We again performed one-sided unequal variance t-tests for the estimated rate of each unique locus compared to the estimated chromosome V instability rate of the rad9D/rad9D parental strain. In this larger sample, we found that 45% of the tested strains have a significantly increased chromosome V instability rate compared to the rad9D/rad9D parental rate of 3.37E-05 and these increases ranged from 3-to 25-fold.
Assays of chromosome instability and rad9 dependence in strains with precise heterozygous deletions of genes identified in the screen: A subset of 65 of the 172 genes with insertions in a coding region were chosen for further characterization on the basis of one of the following criteria: (1) member of overrepresented groups from the GO analysis, (2) the seven insertional mutant strains with the highest chromosome V instability rate, (3) novel or newly annotated genes, and (4) essential genes. We used directed gene targeting to make precise heterozygous gene deletions of the coding region in nonmutagenized backgrounds to (1) test reproducibility of the phenotype in a nonmutagenized background, (2) eliminate potential hypomorphic effects of the insertion, and (3) test the impact of heterozygous precise deletions in both wild-type and rad9-deficient backgrounds.
Chromosome V instability was determined by fluctuation analysis on these 130 strains (65 precise deletions in both wild-type and rad9D/rad9D backgrounds). As shown in Table 1 , the chromosome V instability phenotype was reproducible, with 80% of the reconstructed deletions in a rad9D/rad9D background having an equal (within twofold) or greater rate than the original insertional mutant strain isolated in the screen. Surprisingly, 85% of the heterozygous deletions resulted in a greater than twofold increase in chromosome V instability in a wild-type ES76 background. Thus, these deletions identify dosage-sensitive genes that mediate genomic stability independently of RAD9 status. We further characterized the type of effect with regard to rad9 specificity in Table 1 . Heterozygous deletion of only three genes, sam1D/SAM1, tma17D/TMA17, and dml1D/ DML1, demonstrated increases in chromosome V instability rates that were completely rad9 dependent. There were 8 heterozygous gene deletions where the impact of combining rad9D/rad9D and the heterozygous deletion resulted in increased instability above a multiplicative effect, and 12 where the level met what would be expected for a simple multiplicative effect. The former group may represent genes that have a synergistic effect on genome instability when combined with a checkpoint deficiency, and the latter group of genes likely causes instability independent of checkpoint deficiencies. The remaining 45 of 65 tested heterozygous gene deletions demonstrated a larger impact in a wild-type vs. a rad9D/rad9D parental background. Unexpectedly, a small group of these genes had significantly more instability in wild-type compared with rad9D/rad9D backgrounds. Notably, a mcm21D/MCM21 strain has a 500-fold increase in chromosome V instability rate (4.03E-03 chromosome V instability rate, standard deviation 3.49E-03) over the wild-type parental strain. This rate was derived from performing replicate fluctuation analyses of four mcm21D/MCM21 strains created from independent transformations with the deletion cassette. In contrast, the rad9D/rad9D mcm21D/ MCM21 strain has a rate close to that of a wild-type level (4.21E-06 chromosome V instability rate, standard deviation 3.48E-06). CF loss results were similar where the sectoring of the mcm21D/MCM21 strain was much higher than in the rad9D/rad9D mcm21D/MCM21 strain, although some increase in sectoring still occurred compared to the rad9-deficient starting strain, as expected on the basis of the original identification of the insertional mutant in this screen. Thus, although the initial screen was carried out in a rad9D/rad9D strain background, 62 of 65 heterozygous deletions also increased chromosome instability in checkpoint-proficient strains.
The majority of the heterozygous gene deletion strains do not show changes in the response to exogenous genotoxic stress: The original sectoring and canavanine resistance assays measured spontaneous events. We wanted to determine if these heterozygous mutations also had an impact on the response to exogenous damage. Sensitivity of the wild-type and rad9D/rad9D strains containing the 65 reconstructed heterozygous deletions to a variety of different genotoxic stresses was tested by exposure to agents including MMS, HU, UV, phleomycin, and benomyl, a microtubule-depolymerizing agent. The strains were exposed to three doses of each drug or UV radiation, and viability was measured in a semiquantitative assay.
The majority (65%) of heterozygous mutant strains did not show a change in sensitivity to any of the agents tested. The minority of strains that had altered growth in response to agents are shown in Table 2 . This group includes strains with deletions of several genes in which null mutations in haploid or homozygous strains have been previously shown to be sensitive. For example, rad52D/RAD52 and rad52D strains show sensitivity to MMS and UV and both dun1D/DUN1 and dun1D strains are sensitive to MMS (Table 2 and Our results demonstrate dosage sensitivity of heterozygous mutations for these genes. However, the finding that the majority of heterozygous mutant strains do not demonstrate increased sensitivity to genotoxic stress reinforces that our screen predominantly identified heterozygous mutations that affect spontaneous genomic events distinct from pathways that mediate damage sensitivity.
Most of the agents that we tested result in DNA damage; however, we also included benomyl in this study due to its impact on the mitotic spindle and chromosome segregation. Although a few heterozygous strains showed benomyl sensitivity (Table 2) , we also identified a group of seven heterozygous deletions, e.g., atg11D/ATG11, which demonstrated relative resistance to benomyl in a rad9-deficient state and sensitivity in a wild-type background (see Figure 5 and discussion).
Heterozygous mutations of MCM21 and the genes encoding other members of the COMA kinetochore complex are very unstable in a wild-type background: The mcm21D/MCM21 heterozygous strains showed the greatest instability with a 500-fold increase in a wild-type background. mcm21 was originally identified as minichromosome maintenance mutant number 21 in a haploid EMS mutagenesis screen for instability of a monocentric circular minichromosome (Maine et al. 1984) . This gene was later identified to be part of the COMA complex involved in binding the kinetochore to centromeric regions (Ortiz et al. 1999) . We further determined the dosage sensitivity of mcm21 mutants as well as the other COMA complex members (Table 3) . The mcm21D/mcm21D homozygous null strain had an even further increase in instability compared with the heterozygous counterpart increasing from 4.03E-03 to 1.94E-02 with loss of the second copy of MCM21.
The COMA complex is named for its four member proteins, Ctf19, Okp1, Mcm21, and Ame1, which are encoded by two nonessential genes, CTF19 and MCM21, and two essential genes, OKP1 and AME1. The ctf19D/ CTF19 and ctf19D/ctf19D strains are also very unstable with chromosome V instability rates of 2.5E-04 and 1.8E-02, respectively, similar to the mcm21 mutant strains. Heterozygous deletion of the essential genes, OKP1 and AME1, results in increased instability, but not to the high Column 1 identifies the GOI isolated in the mutagenesis screen by transposon insertion and selected for construction of a precise heterozygous deletion (goiD/GOI) in both rad9-deficient and wild-type backgrounds. The basis for inclusion of this gene in this subset is denoted by the letter in parentheses (A, B, C, and D) after the gene name. A, gene ontology statistically significantly overrepresented group; B, hypothetical open reading frame; C, essential; D, high chromosome V instability rate (m). Column 2 shows m (events/cell/generation) as measured by conversion to canavanine resistance of the insertionally mutagenized strains (ISM) in a rad9D/rad9D background. Column 3 shows the m of the precise heterozygous deletion in the rad9-deficient background. Column 4 shows the ratio between the two to determine the reproducibility of the instability phenotype. Column 5 shows the ratio (A) of the m of the heterozygous gene deletion in the rad9D/rad9D background to the m of the rad9D/rad9D parental strain. Column 6 shows the m of the heterozygous deletion in a wild-type background. Column 7 shows the ratio (B) of the m of the heterozygous gene deletion in the wild-type background to the wild-type parental strain. Column 8, the calculated A/B ratio, shows the fold change between the increases in m due to the heterozygous gene deletion in the rad9D/rad9D vs. wild-type backgrounds. Column 8 was then used to categorize these chromosome V instability rates on the basis of whether the fold change due to the heterozygous deletion was larger or smaller in the rad9D/rad9D or wild-type backgrounds. The first group (A . B) represents 8 strains where the heterozygous deletion of the GOI appears to have a larger effect in a rad9D/rad9D background than in a wild-type background. The second group (A % B) represents 12 strains where heterozygous deletion of the GOI has a similar effect in both backgrounds. The third group (A , B) represents 45 strains where the heterozygous gene deletion has a larger fold effect on chromosome V instability in the wild-type background compared to the rad9D/rad9D background.
level seen with deletion of the nonessential members of this complex. Similar to the mcm21D/MCM21 mutant strain, the combined rad9D/rad9D okp1D/OKP1 strain was more stable than okp1D/OKP1 alone.
DISCUSSION
In this study, we performed a genomewide screen in S. cerevisiae to successfully identify heterozygous mutations that cause a modest increase in genome instability in a checkpoint-deficient strain. The genes identified in this screen differ from prior screens, which were carried out in haploid strains and which typically identify mutant strains with much greater degrees of genomic instability (Begley et al. 2004; Yuen et al. 2007 ). We identified 398 heterozygous mutant strains with increased loss of a nonessential artificial chromosome, resulting from insertions into at least 172 different coding regions in this collection. Approximately 45% of these insertions also resulted in a statistically significant 3-to 25-fold increased instability of the endogenous chromosome V. Assays of genomic instability conducted in precise heterozygous deletions in nonmutagenized backgrounds demonstrated 80% reproducibility of the instability phenotype. These findings lend further support to the analysis of other heterozygous phenotypes in yeast as a potential model of human diseases that result from haplo-insufficiency. Sixty-five precise heterozygous deletions in rad9D/rad9D and wild-type backgrounds, as described in Table 1 , were tested for response to genotoxic stress. Forty-one of the 65 tested heterozygous gene deletions were not sensitive to any of the agents tested in either background. Strains that showed an altered response to any agent are shown. Exposures to UV doses of 20, 30, and 40 J/m 2 /sec; methyl methanesulfonate doses of 0.0075, 0.015, and 0.03%; benomyl doses of 10, 20, and 30 mg/ml; phleomycin doses of 0.1, 0.5, and 1 mg/ml; and HU doses of 25, 50, and 75 mm were tested. All, sensitive to all doses; mild, sensitive only at high doses; All-mild, slight decreases in growth seen at every dose. Yuen et al. (2007) recently published work identifying 293 null mutant strains (either hemizygous deletions in haploids or homozygous deletions in diploids) in an otherwise wild-type background, which affected maintenance of genome structure. They utilized three different assays to identify these genes, one of which was similar to our initial assay using CF inheritance and colony sectoring to measure instability. When we compare our gene list with the 89 genes identified from this portion of their screen, we find 4 genes in both lists. Although we do not know the severity of sectoring required to be included in the Yuen et al. (2007) data set, as their scoring ranged from 1-3 (from subtle to prominent), the lack of significant overlap in the genes identified in the two screens may result from (1) our use of a rad9-deficient background and (2) the inability to a Figure 5 .-Altered benomyl sensitivity and resistance of a subset of mutant strains. Wild-type and rad9D/rad9D strains with heterozygous deletions in atg11, bfr2, elg1, mrc1, trx1, and ydr066c were grown on rich media (YPD) without or with 10 mg/ml benomyl. Although atg11D/ATG11, mrc1D/MRC1, trx1D/TRX1, and ydr066cD/ YDR066C strains are sensitive to benomyl compared to wild-type strains, the heterozygous mutation confers relative resistance to benomyl in a rad9D/rad9D background. The rad9D/rad9D strain itself shows an increased sensitivity to benomyl vs. the wild-type counterpart. Sectoring and chromosome V instability rates are shown for heterozygous and homozygous deletion strains for the four members of the COMA complex. Sectoring is shown as a percentage of the total number of sectors in $500 colonies. Chromosome V instability rate (events/cell/generation) as measured by conversion to canavanine-resistant cells was estimated via fluctuation analysis. The fold change in the chromosome V instability rate for the indicated strain compared to the respective parental strain rate is shown in column 4. OKP1 and AME1 are essential genes and data are available only for heterozygous strains.
priori predict which genes will demonstrate both a null and heterozygous or dosage-sensitive phenotype.
Gene ontology analysis demonstrated that we identified insertions into genes implicated in a wide variety of functions but the list had statistically significant overrepresentations of groups such as cell cycle that have members known to participate in maintenance of genome stability. Further analysis of the genes in the cell cycle group revealed a predominance of G 2 , G 2 /M, and mitotic checkpoint genes and an absence of G 1 cellcycle-specific genes. The interactome demonstrated that many of these genes also genetically or biochemically interact with RAD9. However, we did not identify the genes encoding the checkpoint kinases MEC1, TEL1, or CHK1 presumably because enzymes are less likely to be dosage sensitive. Instead, we identified genes whose products are proposed to play more structural roles in the checkpoint response such as MRC1 and DBP11 (Kamimura et al. 1998; Osborn and Elledge 2003) .
Further assays for sensitivity to genotoxic stress demonstrated that the majority of heterozygous deletions that increased spontaneous genomic instability did not significantly increase sensitivity to exogenous damage. Thus, the results of this screen are distinct from those that focused on mutants with increased sensitivity to specific agents (Birrell et al. 2001; Chang et al. 2002; Aouida et al. 2004) . Most interesting was the observation that, for seven different deletions, the heterozygous strains were more resistant to the microtubule-depolymerizing agent benomyl in a rad9-deficient background and were more sensitive to benomyl in the wild-type background. In these strains, the heterozygous mutation may result in slowing during mitosis. In the wildtype case, this slowing could accentuate the mitotic delay that is induced by exposure to benomyl and result in poorer colony growth. In fact, experiments performed in conditions inducing slow growth, growth either at 18°o r on low-nutrient plates, further accentuated sensitivity to benomyl (data not shown). Conversely, in the rad9-deficient background, this mitotic delay may compensate for the RAD9 checkpoint deficiency and result in relative resistance to benomyl. Consistent with this model, the rad9D/rad9D strain itself is more sensitive to benomyl exposure. Overlapping roles of Rad9p in both the DNA damage and spindle checkpoints have been previously reported by our lab and others (Garber and Rine 2002; Mikhailov et al. 2002; Scott and Plon 2003) .
Although the initial screen was performed in a rad9D/ rad9D background, additional testing of 65 precise gene deletions revealed that 85% of them were not exclusively RAD9 dependent and also increased genomic instability of strains in a wild-type background. However, the absolute sectoring rate of the majority of these heterozygous mutations in a wild-type background was still less than the rad9D/rad9D parental strain. Thus, use of the rad9D/rad9D background was necessary to bring the absolute instability of the strains to a visible level for the sectoring assay used in our initial screen. The majority of the genes identified demonstrate dosage-sensitive genomic instability independent of checkpoint status, and heterozygous mutations in homologous human genes might affect cancer susceptibility in the general population.
Twenty of the 65 precise deletions tested did increase genomic instability of a rad9D/rad9D strain at or above a multiplicative effect. The human orthologs of this set of genes would be good candidates for modifiers of the cancer phenotype in carriers of BRCA1 or other checkpoint mutations.
Included in the group of potential BRCA1-specific modifiers are the three genes that showed rad9 specificity for genome instability: SAM1, TMA17, and DML1. This rad9 specificity may reflect heterozygous mutations that induce instability through an intermediate that is normally detected and compensated for by the Rad9 checkpoint pathway and thus do not show instability in a wild-type background.
The budding yeast SAM1 gene encodes an enzyme required for production of S-adenosyl-l-methionine (SAM), availability of which has been associated with the development of cancer. Consistent with our findings in yeast, exogenous addition of SAM to primary human foreskin fibroblasts has recently been shown to prevent aneuploidy (Ramirez et al. 2007) . While alterations in levels of SAM may be affected by diet or exposure to chemical agents, variation in levels may also result from polymorphisms in methyl metabolism genes.
The TMA17 gene was named for its translational machinery association (Fleischer et al. 2006) , but further functional studies have not been performed. It is of particular interest that Mcm21 was one of five proteins found to interact with Tma17 through a two-hybrid analysis (Ito et al. 2001) . Given this interaction and our finding of a CF and chromosome V instability phenotype for the heterozygous tma17 deletion strain, we hypothesize that Tma17p affects chromosome segregation as well as any putative function in translation.
DML1 was identified as the ortholog of the Drosophila melanogaster Misato gene, which functions in chromosome segregation (Miklos et al. 1997) . Analysis of the haploid deletion of dml1 in S. cerevisiae by Gurvitz et al. (2002) revealed that it was an essential gene, although their work specifically implicated a defect in mitochondrial DNA inheritance but not chromosome segregation effects. In contrast, similar to the Drosophila work, our study of heterozygous dml1D strains demonstrates a role for Dml1 in chromosome segregation in checkpointdeficient cells. Although recent studies of human Misato demonstrate a role in mitochondrial fusion (Kimura and Okano 2007) , on the basis of our results in S. cerevisiae and the work in D. melanogaster, further analysis of the role of human Misato in maintenance of chromosome stability is warranted.
The mcm21D heterozygous deletion caused the greatest increase ($500-fold) in genomic instability in a wild- Searches for human homologs to the 172 proteins encoded by the genes identified in the primary screen for CF loss were carried out using Inparanoid (A), HomoloGene (B), OrthoMCL (C), BLASTP (D), and PubMed (E). Any protein with an identified homolog is listed and the search program(s) that identified the human homolog are denoted by the letters in parentheses, which refer to the search programs above.
type background. We also found that strains mutant for the other nonessential member of the COMA kinetochore complex, CTF19, have similar phenotypes. Thus, deficiency of either Mcm21 or Ctf19 (the nonessential COMA complex members) results in very high levels of chromosome instability. This is consistent with the results of synthetic lethal screens, which demonstrated that combining mcm21D or ctf19D deletions with spindle checkpoint gene deletions results in lethality (Lee and Spencer 2004; Tong et al. 2004; Measday et al. 2005; Daniel et al. 2006) . Heterozygous mutant strains for okp1 and ame1, the two essential members of the COMA complex, showed increases in genome instability but not to the level seen in the two nonessential members. We propose that when either of the nonessential members (Mcm21 or Ctf19) are deficient, Okp1 and Ame1 perform their essential kinetochore function very inefficiently, resulting in very high levels of chromosome instability. Thus, the COMA complex appears to play a critical role in maintaining chromosome segregation fidelity and is encoded by dosage-sensitive genes. Work ongoing at the time of this study identified a human homolog to Mcm21, called Mcm21R or hMcm21 or CENPO . Similar to our analysis, depletion of Mcm21R by siRNA in HeLa cells showed chromosome congression defects . Depletion of Mcm21R was also shown to allow bypass of mitotic arrest by preventing Mad2 binding to kinetochores, thus inactivating the spindle checkpoint. Interestingly, in our experiments, homozygous deletion of RAD9 reduced sectoring and chromosome V instability of the MCM21 heterozygous strains. Similar results were seen for OKP1 heterozygous strains. These phenotypes in yeast and human cells suggest that, in the presence of defective mitotic and spindle checkpoints, the apparent relative chromosome V stability may be due to reduced viability of the cells that mis-segregate chromosomes or chromosome fragments.
Evolutionary conservation of genes and/or pathways is paramount to the effective use of yeast to model human disease states. Therefore, extensive searches for homologs to the 172 unique genes identified in this screen were conducted using multiple algorithims, including Inparanoid, HomoloGene, OrthoMCL, BLASTP, and PubMed literature searches. This combined approach yielded a candidate human homolog for 50% of the yeast genes isolated from our screen (Table 4) .
Consistent with our goal to use this screen to identify potential cancer predisposition loci, mutations or polymorphisms in human genes homologous to 15% of our mutants have already been associated with increased cancer risk, including TOPBP1, TXN, ERCC4, and CHEK2 (Meijers-Heijboer et al. 2002; Staalesen et al. 2004; Cebrian et al. 2006; Karppinen et al. 2006; Milne et al. 2006) . For example, Karppinen et al. (2006) recently investigated TOPBP1's influence on hereditary predisposition to breast and/or ovarian cancer on the basis of its role in DNA damage and replication checkpoints and described a novel heterozygous variant in TOPBP1 associated with an increased breast and/or ovarian cancer risk. Similarly, a single nucleotide polypmorphism in the TXN gene has been associated with susceptibility to breast cancer by Cebrian et al. (2006) and surmised to account for 0.32% of the excess familial risk of breast cancer.
On the basis of their dosage-sensitive impact on genome instability, we believe that the human homologs of genes identified in our screen should be included in ongoing epidemiologic studies for cancer susceptibility loci as well as for modifiers of cancer susceptibility in mutation carriers. The impact of haplo-insufficiency of the mammalian orthologs could also be tested in heterozygous mouse models, including their impact on genome instability and cancer.
